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Chamber  Optics  for  Testing  Passive  Remote  Sensing  Vapor  Detectors 


There  is  a  requirement  1  to  test  the  response  of  passive  infrared 
(IR)  remote  sensing  vapor  detectors,  in  particular  the  XM21,  to  known 
concentrations  of  vapors  with  a  carefully  controlled  temperature 
difference,  AT,  between  a  background  source  at  temperature,  Tbg,  and  the 
gas  at  Tg.  There  are  additional  constraints  on  this  test  including  the 
requirement  that  2  or  more  sensors  must  view  the  same  gas  volume 
simultaneously  to  correlate  detector  response.  Our  immediate  purpose  is  to 
analyze  various  optical  factors  inherent  in  designing  a  optical  system  to 
assure  that  the  experimental  design  accurately  delivers  a  radiance 
characteristic  of  a  specified  AT  for  the  XM21  experiments.  Our  longer 
range  goals  are  to  establish  the  basics  of  the  optical  systems  useful  for 
future  experiments  with  passive  IR  sensors. 

Figure  1  shows  the  XM21  portion  of  the  proposed  optical  design  of 
the  Risk  Reduction  Plan  (RRP)  experiment.2  Other  parts  of  the  design 
cover  analytical  transmissometers.  Gladden  and  Marshall  propose  a  2  lens 
system  to  image  the  background  source  onto  the  entrance  aperture  of  the 
XM21.  Beam  splitters  would  be  used  to  direct  the  radiation  to  multiple 
XM21's.  This  design,  re  drawn  from  Figure  4  of  the  DPG  Methodology  Test 
Report,  needs  further  analysis  in  the  following  areas:  1)  The  optical 
train,  2)  the  sources  of  radiation,  3)  radiation  losses  and  gains 
introduced  by  the  beamsplitters 

All  distances  are  given  in  centimeters  (cm)  unless  otherwise  stated. 
Temperatures  are  in  degrees  Kelvin  or  centigrade.  Angles  are  in  degrees, 
radians  and  milliradians  (mr).  Solid  angles  are  in  steradians  (sr). 
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Figure  1.  The  XM21  portion  of  the  optical  design  of  the  RRP 
chanter. 


2.0  Power 

The  power,  Pd,  within  in  the  FOV,  in  watts  (w),  collected  by  a 
passive  IR  remote  sensing  detector  is^ 

pi  =  3,t,Z.  Cl) 

where  3s  is  the  optical  throughput  or  itendue  (cm2  sr),  x$  is  the  total 
transmittance  (unitless)  of  the  sensor  optics,  and  L  is  the  radiance 
(w/Cai^sr))  incident  on  the  entrance  aperture,  provided  that  the  wave 
front  from  the  source  fills  the  entrance  aperture  of  the  sensor  (almost 
never  a  problem  with  natural  sources)  and  the  source  fills  the  FOV  of  the 
sensor,  ts,  the  transmittance  of  the  sensor  optics,  is  quantity  between  0 
and  1,  normally  less  than  0.25,  that  describes  the  fraction  of  energy 
transmitted  by  the  sensor  optics;  is  is  not  dependent  on  sensor  geometry. 
While  of  importance  to  system  sensitivity  the  design  of  the  experiment 
does  not  effect  this  parameter  in  a  way  that  improves  or  degrades  sensor 
performance.  The  etendue,  3s,  is  a  measure  of  optical  systems  ability  to 
collect  radiation  based  on  geometrical  optics.  It  is  generally  accepted 
that  etendue  and  radiance  are  the  most  useful  concepts  in  analyzing  the 
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radiometric  performance  of  the  sensor.  The  etendue  limits  the  amount  of 
power  that  the  sensor  can  focus  on  to  the  detector  from  a  bean  of 
specified  radiance.  One  of  the  goals  of  this  effort  is  to  ensure  that  the 
radiation  field  of  the  source  fills  both  the  entrance  aperture  and  field- 
of-view  (FOV)  of  the  XM21,  thus  insuring  maximum  etendue;  beyond  that 
there  is  nothing  to  be  gained.  In  this  analysis,  we  will  separate  the 
geometrical  optical  effects  from  the  transmission/emission  effects.  The 
optical  train  will  be  modeled  and  programed  in  a  spreadsheet;  various 
configurations  will  analyzed  and  the  minimum  (limiting)  fetendue  will  be 
selected.  This,  of  course,  should  be  the  sensor  itendue.  If  it  isn't,  the 
external  optics  should  be  redesigned.  Radiance,  transmission  and  emission 
effects  will  be  independently  analyzed. 

The  radiance,  L,  is  the  effective  total  of  the  radiance’s  from  the 
source  and  intervening  elements.  AL  is  defined  as  the  radiance  difference 
between  the  background,  at  temperature,  Tbg,  and  the  radiance  of  the 
target  gas  at  temperature,  Tg. 

AL=Z*,-Lf  C2) 

or  delta  power,  AP 

AP  =  3,t,AL  (3) 

AL  will  be  diminished  by  the  optics  of  this  experiment.  During  an 
early  phase  of  this  effort  there  was  some  speculation  on  making  up 
reflectance  losses  using  by  increasing  the  size  and  focusing  power  of  the 
optics;  this  is  impossible.  The  fundamental  theorem  of  radiometry*  states 
that:  "there  is  no  optical  system  that  can  increase  the  effective  radiance 
of  the  source" .  Losses  caused  by  intervening  optics  can  only  be  offset  by 
increasing  the  actual  radiance  of  the  source,  e.g.,  in  the  case  of  thermal 
sources,  by  increasing  source  temperature.  Our  objective  is  to  analyze 
various  optical  configurations  and  determine  the  required  increase  in  Tbg. 
The  approach  will  be  to  compute  AP  in  the  absence  of  optically  induced 
losses  and  then  compute  Tbg  needed  to  sustain  AP  in  the  presence  of  the 
losses . 


3.0  frendue 


3.1  Definition  of  Etenduo 

The  itendue5»6or  throughput,  3,  con  be  defined  in  3  ways  (See  figure 

20 


^  jj  cos  0,44,  cos  0,44, 
s 

C4) 

3  =  JJ cos  0,44,  dft, 

(5) 

3  =  jjcosdidAjdQi 

(6) 

where  9i  and  92  refer  to  angle  of  the  normal  to  the  beam  areas,  dAi  and 
dA2,  and  the  optical  axis;  ill  and  Q2  are  solid  angles  and  s  is  the 
distance  between  elements.  Each  element  has  a  projected  area.  The  product 
of  one  of  these  solid  angles  and  the  area  of  the  associated  element  is  the 
fet endue.  If  the  distance  separating  the  elemental  areas  is  10  or  more 
times  greater  the  diameter  of  the  elements,  then  the  integral  expression 
can  be  replaced  by 


3=*a =•*£  m 

with  only  a  few  percent  error,  where  /is  the  distance  between  elements, 
frequently  the  focal  length.  If  solid  angles  are  large,  e.g.  the  finil 
lens  which  focuses  the  radiation  on  the  detector  is  "faster"  than  f/3  or 
f/4,  the  more  rigorous  solid  angle  expression,  that  results  from 
integration  is 


3  =  A  it  sin2  <j>  (8) 

where  4  is  the  angle  from  the  center  line  to  the  edge  of  the  element. 
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Figure  Z.  The  different  ways  of  defining  fetendue 

The  general  rule  for  which  equation  to  use,  7  or  8,  is  based  on 
relative  separation  to  element  size.  If  the  separation  is  greater  than  10 
X  element  areas,  then  the  difference  in  predicted  fctendue  is  small.  Figure 
3  shows  fetendues  computed  by  the  Z  methods. 

What  happens  if  the  elements  differ  substantially  in  size?  What 
element  should  be  chosen  as  the  area  component  and  what  should  be  used  to 
define  the  solid  angle?  Figure  4  shows  the  etendue  as  a  function  of  radius 
1  for  a  element-element  separation  of  Z,  unit  radius  for  element  Z  and  a 
radius  varying  from  .1  to  1.1  for  element  1.  The  3  methods  of  computing, 
area-angle,  angle-area  and  area-area,  were  used.  It  can  be  seen  that  the 
area-angle  and  angle-area  do  not  produce  identical  results,  but  it  is  not 
clear  which  method  is  superior;  the  agreement  between  both  predictions  is 
much  better  than  either  with  the  area-area  technique  in  regions  of 
equivalent  radius,  but  much  less  clear  in  regions  of  substantial  size 
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difference.  The  angle -area  method  was  used  for  these  calculations,  where 
the  angle  is  known  as  the  angle-of-projection7. 


separation  between  element 


Figure  3.  Predicted  etendues  for  elements  of  unit  radius  from 
equations  7  &  8 


3.2  Ray  Tracing 

In  order  to  determine  the  required  etendue  at  each  section  in  the 
optical  system  some  technique  is  required  to  compute  the  beam  diameter  at 
every  element  within  the  optical  path.  A  number  of  methods,  some  ad  hoc, 
were  tried;  ray  tracing  proved  to  be  the  most  useful.  Rays  were 
iteratively  traced  through  every  element  using  the  following  paraxial 
equations.8 


u'  ~u 

**|»  I 


/„ 


y*+i  =y„-dy„ 


C9) 

(1*0 


where  un  is  the  slope  of  the  ray  entering  the  nth  optical  element,  yn  is 
the  height  of  the  ray  above  the  optical  axis,  on  the  nth  element,  fn  is 
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the  focal  length  of  the  nth  element  and  un*  is  the  slope  of  the  ray 
exiting  the  nth  element.  dn'  is  the  distance  to  the  n+lth  element,  and 
yn+1  is  the  height  of  the  ray  on  the  n+lth  optical  element.  Sign 
conventions  are  in  ref  7  in  detail.  The  only  unusual  convention  was  the 
slope  sign;  it  is  positive  if  the  ray  is  rotated  counterclockwise  to  reach 
the  axis.  The  specific  details  will  be  discussed  under  each  configuration. 


Figure  4.  Etendue  as  a  function  element  1  radius.  Element  2  is  unit 
radius  and  the  spacing  is  2. 


3.3  FMd-of-Vfew 

The  field-of-view  (FOV)  for  visual  optical  systems,  e.g.  binoculars, 
is  given  in  lateral  distance  at  some  range.  For  this  type  of  system,  the 
FOV  is  usually  defined  as  the  projection  of  a  limiting  stop  into  the 
object  plane.  FOV  is  more  easily  visualized  for  single  element  sensor, 
focused  at  infinity,  as  the  angle  formed  by  lines  through  the  center  of 
the  lens  to  the  edges  of  the  first  stop  located  at  the  focal  point  of  the 
collector.  See  figure  5. 
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Figure  5.  The  boundaries  of  rays  going  through  the  center  of 
the  lens  and  the  edges  of  the  step  located  at  the  focal  point 
of  the  collector  form  the  FCV. 

For  snail  angles,  the  2  dimensional  angular  FCW,  © ,  is 

©  =  -&  (11) 

The  solid  angle  FOV  is  approximately 

G  =  yf  02) 

There  are  further  considerations  that  can  improve  our  understanding 
of  the  radiation  field  that  the  single  element  spectral  sensor  is  designed 
to  accept.  The  sensor  is  focused  at  infinity  when  the  field  stop  is 
located  at  the  focal  point.  It  will  focus  all  rays  incident  at  a  given 
angle  to  a  single  point  in  the  image  plane.  All  rays  falling  within  an 
angle  equal  to  1/2©  will  be  brought  to  focus  within  the  field  stop.  All 
rays  incident  at  a  greater  angle  will  be  focused  outside  the  FOV,  no 
matter  where  they  hit  the  lens.  See  figure  6. 

The  result  is  that  the  actual  lateral  FOV  is  larger,  than  the  e 
would  predict,  by  the  diameter  of  the  collector.  This  is  no  consequence 
at  a  distance,  but  can  be  significant  at  the  ranges  envisioned  in 
laboratory  experiments.  From  inspection  of  figure  7,  the  lateral  FOV, 

OFOVi  at  distance  S  is 


Figure  7.  The  angular  Field-of-View  (FOV)  is  defined  by  the 
diameter  of  the  detector  and  the  focal  length  of  the  collector. 

The  lateral  FOV  at  distance  S  includes  the  diameter  of  the 
collector  lens. 

Care  should  be  taken  to  insure  that  the  background  source  fills  the 
sensor  FOV  for  several  reasons:  1)  If  the  source  does  not  fill  the  area 
surrounding  the  source  will  contribute  to  the  signal,  but  only  the  source 
is  well  defined  in  temperature  and  emissivity.  2)  The  sensor  may  partially 
see  the  walls  of  the  cell,  which  probably  will  not  be  well  characterized, 
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and  may  substantially  shorten  the  average  path  length  and  thus  the  average 
concent  ration - pathl engt h  product  (cl).  Therefore  the  source  must  be  at 
least  as  large  at  the  lateral  FOV  at  the  experimental  range;  if  it  is 
smaller,  than  it  must  be  expanded  optically. 

&4TheXM21  Optical  Design 

The  details  of  the  XMZ1  optical  system  are  given  in  the  Technical 
Data  Package  (TOP)9;  optical  scematics  and  design  goals  are  shown  in  the 
"XM21  Design  Status  Review".1®  (Only  one  copy  of  the  "XM21  Design  Status 
Review"  is  known  to  exist;  it  was  located  as  a  result  of  Webb  reviewing  an 
early  draft  of  this  report.  Some  of  the  information  in  that  Review  is 
reproduced  in  the  Appendix  to  make  it  easier  for  future  investigators  to 
obtain  essential  information.)  The  geometry  of  the  XM21  optics  is  as  shown 
in  figure  8.  The  optical  train  consists  of  a  entrance  window,  a  scanning 
mirror,  an  interferometer  followed  by  a  collecting  lens  (the  exit  lens  in 
XMZl  documentation),  which  focuses  incoming  radiation,  falling  within  the 
solid  angle  of  the  sensor  FOV,  through  a  detector  window  onto  a  field 
lens11  which  refocuses  the  radiation  onto  the  detector.  The  field  lens  and 
the  detector  are  small,  a  few  mm,  relative  to  the  collector,  which  has  a 
diameter,  D0,  of  2.65  cm  (a  little  larger  than  1  in).  The  FOV.0,  is 
specified  to  be  1.5*(26  mr)  both  vertically  and  horizontally.  Figure  9 
shows  the  lateral  FOV  as  a  function  of  range. 


Figure  8.  The  internal  optics  of  the  XM21.  The  field  lens  and 
the  detector  are  small  and  close  together  when  compared  to 
the  collector. 
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Figure  9.  The  lateral  DpoV  of  the  XM21  from  190  to  29 
meters. 


The  focal  length  for  a  thick  lens  was  computed  from12 
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Drawing  5-15-10601  of  the  TOP  specifies  the  collector  (exit)  lens  as  zinc 
selenide,  radii  of  curvature  of  Ri  -  2.795"  and  R2  -  8.996".  Lens 
thickness,  t,  at  the  center  is  0.160".  The  OSA  Handbook  of  Optics, ^  gives 
the  refractive  index,  n,  of  zinc  selenide  as  2.497  at  10  pm  (1000  cm’1). 
Using  these  values  eq  14  predicts  that  focal  length  of  the  collector,  f£  ■ 
7.61  cm.  Drawing  5-15-19876  shows  the  field  lens  to  be  in  a  housing  with  a 
square  aperture  0.198  cm  (0.078").  6  computes  to  be  0.026  radians,  exactly 
1.5*.  The  object  distance,  S,  is  the  focal  length  of  the  collector,  7.61 
cm.  The  focal  length  of  the  field  lens  was  also  computed  from  equation  14 
from  data  given  in  reference  10.  The  field  lens  is  germanium  (refractive 
index  4.003  from  the  OSA  Handbook  of  Optics14),  with  radii  of  curvature  of 
4.926  cm  and  6.236  cm.  The  lens  thickness  0.1219  cm.  From  these  values  the 
focal  length  is  0.2536  cm.  The  field  lens  focuses  the  collector  (2.65  cm) 
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onto  the  detector,  whose  size  0.07  an.  The  image  distance,  S',  can  be 
calculated  from  the  magnification  requirement 


S'  =  ^-S 


CIS) 


to  be  0.201  cm. 

The  width  of  the  beam  was  investigated  by  ray  tracing  with  the  aid 
of  the  spreadsheet,  Microsoft  Excel™.  See  table  1A.  The  information  given 
in  the  top  4  rows,  the  element,  its  focal  length,  diameter  and  distance  to 
the  next  element,  are  fixed  as  part  of  the  design.  The  next  6  rows  are 
traces  of  3  rays;  each  pair  consisting  of  a  ray  height  and  slope.  The 
collector/field  lens  section  was  considered  to  be  the  controlling  section. 
The  controlling  rays  are  defined  from  the  top  edge  of  the  field  lens  to 
top,  center  and  bottom  of  the  collector.  They  are  traced  back  to  the 
detector  and  forward  to  the  background  source.  The  beam  and  minimum 
diameters,  given  in  rows  11  and  12,  are  identical  with  the  element 
diameters  for  this  section.  The  sign  of  the  slopes  were  chosen  in 
accordance  with  the  conventions  given  in  ref  7  and  checked  with  simple, 
easily  envisioned  conditions.  The  angle-of-projection  and  fct endue  formulas 
are  given  in  rows  13  and  14.  These  quantities  are  defined  in  terms  of  the 
element  number  of  the  column  that  they  fall  in  and  the  next  element. 
Finally  in  row  15  the  minimum  fetendue  is  selected. 

Numerical  values  for  Table  1A  are  shown  in  Table  IB.  The  The  sensor 
values  shown  in  rows  2-4  are  those  of  the  XM21  computed  earlier.  The  next 
6  rows  show  the  3  rays,  which  leave  the  collector  at  identical  slopes,  but 
laterally  displaced  as  expected.  The  collector  is  inversely  imaged  on  to 
the  detector,  again,  as  expected.  The  field  lens/cotlector  section  has  the 
minimum  6tendue.  The  spreadsheet  was  also  used  to  make  a  basic  plot  of  the 
rays;  the  distance  between  elements  is  shown  as  equal,  not  in  accordance 
with  the  actual  greatly  differing  distances,  but  still  useful  for 
visualization.  Figure  10  shows  the  ray  trace  for  the  sensor. 
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Table  IB.  Results  of  the  spreadsheet  computation  of  the 
geometrical  optical  properties  of  the  XM21 


Figure  10.  Ray  trace  of  the  XM21  sensor  from  table  IB.  Distances 
between  elements  are  shown  as  equal  for  convenience.  Actual 
distances  are  given  in  the  spreadsheet. 
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Table  2B. Values  for  spreadsheet  2A.  XM21  sensor  to  source 
located  at  10  m. 


Figure  11.  XMZ1  rays  trace  miss  the  10  an  source. 
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3.5  Adding  tha  Source 


Table  2  shows  the  spreadsheet  layout  with  the  source 
included.  Here  the  distance  to  the  source  is  chosen  to  be  10  m.  Figure  11 
shows  the  3  rays  traced  to  a  source  located  10  m  away.  Note  that  rays  from 
a  single  point  on  the  field  lens  travel  parallel  to  each  other  and 
terminate  at  different  points  on  the  source  indicating  that  there  will  be 
same  blur  to  the  FOV.  For  this  particular  experiment  the  source  is  about 
10  cm  in  diameter,  considerably  smaller  than  FOV. 


3.6  Expanding  the  Source 


The  source  may  be  expanded  with  a  lens  or  mirror.  If  a  source  is 
placed  at  the  focal  point  of  a  lens,  the  lens  will  collimate  radiation 
coming  from  a  point  on  the  source.  Using  figure  12,  we  will  show  that 
collimating  the  source  effectively  increases  the  size  of  the  source  and, 
except  for  transmittance  losses,  the  radiance  is  unchanged. 


In  figure  12  the  irradiance  on  the  source  lens  is: 

£2  =  Zn4=^^, 

$ 


(16) 


The  collimated  beam  emerging  from  the  source  lens  will  be  diverging  by  the 
solid  angle,  Qai,  therefore  the  radiance  exiting  the  source  lens  is: 


Figure  12.  A  source  of  area,  Ai,  with  collimating  lens,  A2, 
a  collector,  A3,  and  detector  (or  field  lens)  A4.  Diverging 
and  converging  fields  are  showi  in  broad  lines  and  HIV's  are 
shown  in  light  lines. 


The  irradiance  over  the  sensor  collector  area,  A3,  is: 


C18> 


provided  that  the  collimated  beam  at  least  fills  the  collector.  But  the 
radiance  emerging  from  the  collector  is  the  irradiance  divided  by  the 
angle  of  divergence,  which  is  solid  angle  of  the  source. 


=A=ifk= 


ft. 


ft. 
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Again  the  radiance  is  equal  to  Li,  discounting  transmittance  losses.  In 
the  final  stage  the  collector  lens  focuses  the  beam  into  an  area,  A4,  of 
irradiance  E4. 


E< 


(20) 
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Table  3B.  Numerical  values  for  spreadsheet  3A 


A4  is  the  image  of  A2  created  by  the  collector.  If  A4  is  smaller  than  the 
area  of  the  field  lens,  Afi,  then, 

p,  =  EA  »  L,a^A,  CZ1) 

If  A4  is  larger  than  the  field  lens,  then, 

Pfi  *  E4Af  =  (22) 

It  can  be  seen  that  the  maximum  power  collected  is  reached  when  A4  -  Af\. 
Adding  an  additional  lens  in  an  attempt  to  focus  more  power  in  to  the 
sensor  is  futile. 

Table  3A  shows  the  spreadsheet  layout  for  sensor,  the  source  lens 
and  the  source;  table  3B  shows  the  numerical  results  for  typical  values 
and  figure  13  shows  the  ray  trace.  Not  unexpectedly,  while  only  a  relative 
small  source  is  needed,  the  source  lens  must  be  at  least  as  large  as  the 
FOV.  In  this  case,  the  beam  diameter  is  limited  to  about  20  cm,  much 
smaller  than  the  required  source  lens  of  28  cm.  Tbe  fetendue  is  only 
1. 7X10*3.  The  next  option  is  to  magnify  the  sensor  FOV. 


Figure  13.  Ray  trace  for  the  collector,  source  lens  and  source 
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3.7  Magnifying  tha  FOV 


Remote  sensors  are  designed  to  focus  a  distant  source,  i.e.,  accept 
parallel  radiation  from  a  distant  extended  source.  If  the  source  does  not 
fill  the  FOV,  then  an  external  telescope  can  be  placed  in  front  of  the 
sensor  to  magnify  the  source.  The  telescope  would  also  allow  the 
relatively  close  sources  envisioned  in  this  experiment  to  be  collimated.  A 
telescope  consists  of  2  lenses  separated  by  a  distance  equal  to  the  sum  of 
their  focal  lengths  for  parallel  incoming  light.  The  first,  or  primary, 
lens  focuses  radiation  from  a  distant  object  into  an  image  located  at  its 
focal  length.  The  second,  or  magnifier,  lens  collimates  the  beam  again, 
but  with  a  magnification,  m,  in  the  angle  of  divergence.  See  figure  14. 


The  magnification  of  the  telescope  should  be  large  enough  that  the 
source  does  fill  the  FOV.  Magnification  was  defined  in  eq  13  as  the  ratio 
of  image  distance  to  object  distance.  It  can  also  be  defined  as: 


m  = 


£ 

S 


h  * 


(23) 


where  fi  is  the  focal  length  of  the  primary  lens  and  f2  is  the  focal 
length  of  the  secondary  lens;  42  is  the  angle  of  output  ray  and  41  is  the 
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angle  of  the  input  ray.  Note  that  the  telescope  takes  a  wide  beam  of  low 
divergence  and  compresses  it  into  a  narrow  beam  of  higher  divergence.  The 
sensor  cannot  usefully  accept  a  42  greater  than  the  FOV,  6;  therefore,  ©- 
42.  Because  of  optical  reciprocity  we  cm  look  at  the  expanded  image  of 
the  XM21  collector  at  the  source  distance  to  determine  useful 
magnification.  From  inspection  of  figure  14,  it  can  seen  that  the 
magnified  diameter,  D,  of  the  beam  is 

ra 

D  =  mD0  +  —  (24) 

m 

where  S  is  the  range  to  the  source  from  the  telescope  and  Dg  is  the 
diameter  of  the  beam  accepted  by  the  XM21.  Note  that  magnifying  the  source 
means  increasing  the  diameter  of  the  beam  at  the  near  and  intermediate 
ranges;  therefore,  there  is  a  possibility  of  over  magnification. 
Correspondingly  there  should  be  an  optimum  magnification  for  any  range 
that  can  be  determined  by  differentiating  the  previous  equation  with 
respect  to  m,  setting  the  result  equal  to  0  and  solving  for  m.  The  result 
is 


m 
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Figure  15  shows  magnification  and  lateral  FOV  as  a  function  of  range. 

For  S  •  10  m  the  optimum  magnification  is  about  3.2;  the  diameter  of 
the  unmagnified  beam  is  28.5  cm;  the  optimally  magnified  beam  is  16.2  cm. 

Because  of  the  relatively  close  distance  of  the  source,  the 
telescope  primary  will  bring  the  source  to  a  focus  at  a  slightly  greater 
distance  than  the  focal  length.  The  secondary  will  have  to  be  positioned 
such  that  the  image  falls  at  its  focal  length,  so  that  the  output  beam  is 
collimated  and  focused  by  the  XM21  collector  on  the  field  lens.  The 
separation,  St,  was  computed  from 
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Figure  IS.  The  left  hand  axis  shows  the  lateral  FOV  for  the 
unmagnified  sensor  and  the  optimally  magnified  sensor.  The 
right  hand  axis  shows  the  optimum  magnification. 


Next,  consider  matching  the  transfer  of  radiation  between  the 
secondary  lens  of  the  telescope  and  the  XMZ1  collector.  This  can  be  viewed 
in  several  ways.  The  original  XM21  was  designed  with  a  telescope.  The 
secondary  lens  of  the  telescope  was  the  same  size  as  the  XMZ1  collector 
and  located  about  2 0  cm  from  it.  At  such  close  ranges,  the  beam  exiting 
the  secondary  should  be  almost  completely  intercepted  by  the  collector. 

The  itendue  of  such  an  arrangement  is  dependent  on  the  actual  separation 
of  elements,  but  substantially  higher  value  than  necessary,  about  0.01. 
Viewing  the  problem  in  a  different  way,  i.e.,  that  the  secondary  lens  is  a 
source  for  the  collector,  it  is  necessary  and  sufficient  that  the 
diverging  beam  of  the  secondary  fill  the  aperture  of  the  collector  and 
that  the  secondary  completely  fill  the  FOV  of  the  sensor. 

Based  on  the  need  to  fill  the  XM21  FOV,  the  minimum  diameter  of  the 
secondary  lens  would  be 
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0  =  25.  tan® 


where  Sg  is  the  separation  between  secondary  and  collector  (needed  to 
allow  the  insertion  of  bean  splitters  for  Multiple  sensors.  Figure  17 
shows  P  as  a  function  of  Su* 


Figure  16.  Itao  ways  of  looking  at  the  transfer  of  radiation 
between  the  secondary  of  a  telescope  and  the  XM21  collector 
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Figure  17.  The  diameter  (cm)  of  the  secondary  lens  needed  to  fill  the 
FOV  of  the  sensor  as  a  function  of  separation  between  the  secondary 
of  the  telescope  and  the  collector  of  the  sensor. 
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Table  4  shows  the  spreadsheet  layout  for  computing  the  fetendue  and 
ray  trace  for  the  telescopically  aided  sensor  of  m  -  4.  Up  to  this  point 
the  ' di stance - to - the - next - el ement "  was  either  fixed  by  the  design  or 
experimental  constraints  such  as  gas  cell  length.  In  the  case  of  the 
separation  of  the  secondary  and  the  primary,  eq  26  was  inserted  in  the 
spreadsheet  to  compute  the  distance  to  the  next  element.  This  is  the  first 
occasion  that  a  separation  between  2  elements  is  computed.  The  ray  trace 
in  figure  18  shows  a  second  consideration  that  we  have  chosen  be  taken 
into  account.  There  is  chi  image  formed  by  the  secondary  lens  at  its  focal 
point  between  itself  and  the  primary.  The  beam  then  diverges  to  intercept 
the  primary.  Etendue  was  computed  for  these  sections  independently, 
although  it  does  not  necessarily  have  to  be;  because  there  is  no  limiting 
aperture  at  the  image.  The  size  of  the  image  can  be  found  by  computing  the 
height  of  the  ray  from  the  axis  at  focal  point.  This  can  be  found  from  eq 
10  where  d'n  is  the  focal  length.  In  the  spreadsheet,  only  the  ray  height 
is  computed  at  this  point.  Note  in  the  ray  trace,  figure  18,  a 
discontinuity  appears  at  the  image  where  the  rays  apparently  change  slope; 
this  is  not  real.  The  apparent  change  is  caused  by  the  the  limiited 
plotting  capability. 

At  this  point,  it  may  be  beneficial  as  a  check  to  see  a  set  of  axial 
rays  traced  through  the  telescope.  Replacing  the  diameter  of  the  field 
lens,  0.198,  with  0,  the  trace  is  redone  to  produce  the  results  in  figure 
19,  which  are  easily  understood.  Three  rays  from  the  center  of  the  field 
lens  are  collimated  by  the  collector  and  travel  to  the  secondary,  where 
they  are  brought  to  the  focal  point,  diverge  and  are  focused  by  the 
primary  to  a  point  on  the  center  of  the  source  lens.  (The  image  is  not 
shown  as  a  separate  element  as  it  was  in  figure  18.)  Only  axial  points  are 
brought  to  these  axial  images.  Even  the  modest  displacement  of  0.198/2 
produces  a  displacement  at  the  source  lens  of  over  3  cm. 
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Figure  18.  Ray  trace  of  system  described  in  table  4. 


Figure  19.  Trace  of  an  axial  point  through  the  telescope. 
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source 


3.8  Imaging  tha  Source 


Gladden  and  Marshall?  proposed  to  use  2  long  focal  length  lenses  to 
focus  the  background  source  onto  the  collector  of  the  XM2i  sensor.  The 
author  criticised  this  design,  because  it  delivered  an  image  to  the  senor 
aperture,  rather  than  a  collimated  beam.  The  analysis  shows  that  the 
imaged  beam  is  fuctionally  equivalent  to  the  collimated  beam. 

Marshall's  design  is  shown  in  figure  20.  These  lenses  are  15.2  cm  (6 
in)  in  diameter  with  focal  lengths  of  381  cm  (150  in)  with  a  spatial 
distribution  as  shown  in  the  figure.  The  3  lines  of  numbers  directly  below 
the  schematic  ray  trace  give  his  distances.  Y  -  10  is  1/2  the  source 
diameter.  The  bottom  3  lines,  in  the  figure,  are  the  author's  computations 
of  the  image  distances  for  the  2  lenses,  the  magnification,  and  the  image 
size.  The  second  lens  forms  a  virtual  image  4191  cm  behind  itself,  120  cm 
in  size.  The  first  lens  converts  this  in  to  a  real  image  410  cm  in  front 
of  itself,  9.3  cm  in  size,  almost  a  one  to  one  size.  The  sensor  is  located 
412  cm  from  lens  1. 
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The  design  shown  in  figure  20  was  further  analyzed  with  the 
spreadsheet  shown  in  table  SA.  The  lens  1  to  lens  2  distance  and  the  lens 
2  to  source  distance  were  fixed.  The  collector  to  lens  1  distance  was 
computed  with  a  combined  thin  lens  formula.  Remembering  that  the  rays  are 
traced  from  left  to  right,  but  image  distances  were  computed  from  right  to 
left.  The  equation  for  computing  the  image  formed  by  lens  2  is, 

s-.JifL  cz«> 

Ss-Fs 

Substituting  the  results  of  this  equation  into  an  identical  thin  lens 
equation  as  the  object  distance,  we  have, 


This  equation 
1  distance. 


-  V  S.-F,) 


S' - - - - irw- 

w‘-:wT 

was  inserted  into  the  spreadsheet  for  the 


(29) 

collector  to  lens 


The  numerical  results  are  shown  in  table  5B  and  the  ray  trace  is  shown  in 
figure  21.  As  with  the  telescopic  design,  lens  1  brings  the  collimated 
beam  from  the  collector  to  a  focus  at  its  focal  point.  A  column  was 
inserted  to  allow  the  itendues  to  be  independently  calculated  from  lens  1 
to  image  and  from  image  to  lens  2.  This  was  done  in  the  same  way  as  for 
the  telescopic  design. 


By  comparing  figures  18  and  21,  there  is  one  obvious  difference 
between  the  telescopic  system  andd  the  2  lens  imaging  system.  For  the 
telescopic  system  there  is  a  one  to  one  mapping  between  points  on  the 
source  (the  source  lens  in  this  case)  and  the  field  lens  in  the  sensor, 
where  the  source  is  imaged.  For  the  2  lens  system,  the  point  in  the  image 
plane  maps  into  many  points  in  the  source  plane.  The  author  can  not  think 
of  any  reason  why  that  would  invalidate  the  results  for  this  experiment. 
For  a  multi -detector  spectroradiometer  this  arrangement  would  be 
objectionable . 
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Figure  21.  The  graphical  ray  trace  for  table  5. 

Experimentation  with  the  lens-2-to-source  distance  showed  that  it 
changes  both  the  required  diameter  of  lenses  1  and  2  and  the  image 
distance  from  lens  1  to  the  collector;  we  found  no  critical  dependencies. 
The  spacings  chosen  by  Marshall  minimize  the  diameters  of  the  2  lenses; 
the  active  diameter  is  13.7  cm;  the  actual  diameter  is  15.24  cm.  The  image 
distance  from  lens  1  to  the  collector  can  be  changed  by  adding  or 
subtracting  to  the  lens-2-to-source  distance.  The  active  diameter  of  one 
or  the  other  lens  increased  and  the  image  distance  changed.  See  table  6. 


lens-2-to-source  dis 

-50 

349.25 

+50 

lens-l-to-collector  dis 

448.3 

410.3 

361.8 

active  lens  diameter 

14.3 

13.7 

16.2 

Table  6.  Changes  in  image  distance  and  active  beam  diameter  for 
increments1  changes  of  +  and  -  50  cm  in  lens-2-to-source  distance. 

In  the  +50  cm  case,  the  diameter  of  the  bean  is  larger  than  the 
15.24  cm  of  the  real  lens. 


4.1  Total  Power  Law 


The  beam  will  encounter  optical  elements  and  gases  in  its  traversal 
from  source  to  detector.  Each  element  will  reflect,  absorb  and  emit  energy 
defined  by1^ 


a+p+ T  =  1  (30) 

where  a  is  the  absorptance,  p  is  the  reflectance  and  t  is  the 
transmittance . 

First  we  apply  the  Total  Power  Law  to  optical  elements,  a  is 
expected  to  be  very  small  so  that  the  element  will  not  be  a  significant 
absorber  or  emitter;  however,  it  may  be  necessary  to  keep  lenses  very 
clean  for  this  condition  to  be  maintained.  The  major  source  of  loss  for 
optical  elements  is  expected  to  be  reflection,  but  with  anti reflection 
coatings  this  may  be  as  low  as  a  few  percent.  Of  course  mirrors  have  high 
reflectance,  but  will  have  some  very  small  losses  from  absorption  or 
scattering.  Beam  splitters  have  also  been  proposed  in  order  to  test 
several  sensors  simultaneously  with  coincident  optical  paths.  Beam 
splitters  are  normally  designed  to  transmit  50*  and  reflect  50*  of  the 
beam.  If  several  splitters  are  used  in  series  the  resulting  loss  will  be 
75*  of  the  incident  beam,  a  loss  which  must  be  offset  by  increasing  the 
source  radiance,  i.e.  increasing  the  source  temperature. 

There  is  another  very  important  effect:  A  bean  splitter  creates  Z 
lines-of-sight  CIOS):  generally  the  LOS  of  the  experiment  and  an  alternate 
LOS  orthogonal  to  the  planned  LOS.  The  bean  splitter  not  only  reduces  the 
signal  from  the  planned  source;  it  adds  radiation  from  the  external 
environment  along  the  orthogonal  LOS.  That  may  be  warm  instruments,  people 
walking  around  the  room,  or  the  sides  of  other  sensors.  In  fact,  these 
environmental  influences  are  likely  to  project  more  radiation  into  the 
XM21's  than  the  gas  and  background  sources,  because  the  radiation  from  the 
latter  source  is  attenuated  by  all  of  the  optics  within  the  train.  In  an 
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incandescent  source  experiment,  these  contributions  may  be  insignificant; 
in  the  world  of  thermal  infrared,  they  are  bound  to  be  of  significance. 
One  solution  is  to  block  the  orthogonal  path  of  each  beam  splitter  with  a 
cooled  baffle. 

Next,  the  Total  Power  law  is  applied  to  the  gas  contained  in  the 
sample  cell.  Scattering  is  expected  to  be  negligible.  The  Total  Power  Law 
is 


a  +  t=l  (31) 

Equation  31,  for  a  homogeneous  volume  of  gas,  at  a  single  optical 
frequency,  v ,  translates  to16 

L  =  C32) 

where  the  first  term  in  brackets  on  the  right  is  the  emittance  term  and 
the  second  is  the  transmittance  of  the  background  radiance.  Lg  is  the 
radiance  of  a  blackbody  at  the  temperature  of  the  gas  and  Lbg  is  the 
radiance  of  the  background  reference  source  diminished  by  the  intervening 
optics,  a  is  the  absorption  coefficient  of  the  gas  at  some  wavenumber,  cl 
is  the  concentration  pathlength  product  usually  in  mg/cm2. 


Blackbody  radiance  can  be  computed  from 


L- 


2 h  v3dv  _  ctv3dv 


(33) 


where  ci  -  1.19089x10" 12 ,  and  C2  -  1.4388.  vis  the  wavenumber,  cm"1,  and 
T  is  the  temperature  in  °K.  Equation  33  can  be  solved  for  temperature. 
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42  Data  Temperature 


The  definition  of  AT  needs  clarification;  it  is  defined  as  the 
difference  between  the  radiometric  temperature  of  the  background  and  the 
temperature  of  the  air  mass  containing  the  chemical  target  gas.17  For 
these  experiments,  it  is  defined  as  the  difference  between  the  blackbody 
reference  source  and  the  air  in  the  gas  cell.  These  definitions  are  easily 
understood,  however,  the  sensor  sees  AT,  the  temperature  contrast,  as  a 
spectral  contrast.  In  regions  of  strong  bands,  the  radiance  will  be  more 
heavily  weighted  in  favor  of  the  temperature  of  the  gas  cloud;  in  regions 
of  low  spectral  activity  the  radiance  will  more  accurately  be  a  measure  of 
the  background  temperature.  Furthermore,  the  gas  will  be  seen  as  absorber 
against  a  hotter  background  reference  source  or  an  emitter  against  a 
colder  reference  source.  From  this,  we  can  see  that  temperature  contrast 
is  not  an  absolute  thing;  it  varies  continuously  and  with  changing 
polarity  in  spectral  regions  where  the  target  gas  has  spectral  bands. 
Because  the  instrument  responds  to  spectral  contrast,  the  AT  is  defined, 
or  more  fundamentally,  AL,  as  the  contrast  between  2  spectral  band;  one  of 
strong  absorption,  the  analytical  band,  and  one  with  very  low  absorption, 
the  reference  band. 


AL=L„-La  (35) 

There  have  been  questions  raised  about  possible  distortion  caused  by 
raising  the  temperature  of  the  background  source  because  the  elevation  is 
not  uniform  at  all  optical  frequencies.  Figure  22  shows  the  radiance 
difference  between  a  3B0*K  blackbody  and  blackbodies  at  various  AT's. 

There  is  some  distortion  of  the  spectrum.  Taking  the  ratio  of  the  positive 
AT’s  and  then  the  negative  AT's,  there  is  about  6  to  13X  more  or  less 
energy  between  the  extreme  ends  of  the  spectrum.  This  is  probably  not  a 
significant  distortion  given  the  other  variables  of  the  problem.  It  is, 
however,  beyond  the  limits  of  this  study. 

As  stated  in  the  goals,  the  objective  is  to  compute  the  signal  in 
various  configurations  of  external  optics  and  source  and  gas  temperatures 
difference  power  received  from  the  difference  radiance,  AL,  is 


AP=3-AL=3.(L,-La) 


Figure  22.  The  AL's  associated  with  AT's  in  the  legend.  The 
spectral  range  is  800  to  1250  an'*,  about  the  range  of  the 
XM21. 

4.3  The  Gm  Cell 

The  first  configuration  that  will  be  examined  is  the  source  that 
completely  fills  the  XM21  FOV;  i.e.,  the  sensor  etendue  is  the  limiting 
frtendue.  The  only  intervening  optics  are  the  gas  cell  windows.  From 
inspection  of  figure  23  and  eq  32  and  basic  radiative  transfer  theory,  the 
radiance  exiting  the  gas  cell  at  optical  frequency,  v,  is 

Lv  =  T„(l-Tf)L,  +  tiTfI*  C37) 

where  tw  is  the  window  transmittance,  Lg  is  the  radiance  of  a  blackbody  at 
the  temperature  of  the  gas  and  Lbg  is  the  radiance  of  a  blackbody  at  the 
background  source  temperature. 
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source 


Figure  23.  The  sirrplest  possible  arrangement.  The  gas  cell 
nay  or  may  not  have  windows.  Each  point  cn  the  source  emits  a 
wave  that  each  least  fills  the  entrance  aperture  of  the 
sensor  and  the  source  at  least  fills  the  FCN  of  the  sensor. 

Assure  that  the  emissivity  of  the  reference  source  is  1.  The 
transmittance  of  the  gas  at  the  analytical  and  reference  frequencies  is 
respectively 


(38) 


Rewriting  eq  36 


La  and  Lr  are  computed  at  different  optical  frequencies;  we  will  assume 
that  they  are  sufficiently  close  that  a  single  average  frequency  can  be 
used  to  compute  AP  and  the  required  background  blackbody  temperature. 


=  3m[Tw(l  —  T \)Lf  +  ~  Tw(l—  T R)Lg  —  T^TgLfy] 

AP  =  3.[i.(r,  -  f,  )LX  +  Ti(r„  - r„M*]  C39) 


Eq  39  can  be  used  to  compute  AP  received  from  analytical  and 
reference  frequencies.  The  radiances  Lg  and  Lbg  can  be  computed  from  eq  33 
for  blackbodies  at  the  gas  temperature,  Tg  and  the  background  blackbody 
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temperature,  Tbg.  Assuming  no  optical  elements  other  than  the  sensor,  the 
expected  power  difference  will  be  computed  for  a  range  of  AT's.  From  these 
values,  the  background  blackbody  temperature  can  be  computed  that  is 
required  to  offset  the  losses  caused  by  the  optical  elements,  if  we  assume 
that  the  gas  temperature  remains  constant.  Solving  eq  37  for  the 
temperature  of  the  blackbody  source 


In 


ill 


cjEL 


AP 


■  +  1 


~Ta) 


C40) 


Equations  33,  39  and  49  were  programmed  into  one  row  of  a 
spreadsheet  to  compute  required  background  blackbody  temperature  for  a 
specified  AT.  The  calculation  can  be  repeated  for  other  AT's  by 
duplicating  the  calculations  in  the  following  rows.  See  table  7. 


Lbg  w/o 
windows 

AP  at  the  sensor 

Tbg  required  to  offset 
window  loss 

AT 

c,v3 

_ _ 

In 

_ _ j — + 1 

3 )  r„ 

Table  7.  One  row  of  a  spreadsheet  to  calculate  the  reference 
blackbody  temperature  to  off  window  losses. 


Table  8  shows  the  actual  results  of  a  complete  spreadsheet  for 
configuration  1. 

Inspection  of  the  last  column  (T  req  w/win)  shows  an  unexpected 
result:  the  required  temperatures  are  offset  about  3*  in  the  plus 
direction.  After  consideration,  it  seems  likely  that  the  optics  between 
the  gas  and  the  background  source  produce  the  offset.  It  was  fully 
expected  that  the  optics  would  reduce  the  effective  signal,  consequently 
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would  require  the  reference  source  temperature  increment,  either  plus  or 
minus,  to  be  increased,  but  the  offset  was  unexpected.  When  the  window 
transmittance  was  set  to  1,  the  offset  disappeared  and  the  required 
background  source  temperature  was  exactly  what  was  required  to  meet  the 
specified  AT.  This  can  be  checked  by  putting  both  windows  outside  both  the 
gas  cell  and  the  reference  source.  See  figure  24. 


Table  8  .  Results  of  spreadsheet  computation  for  a  gas  cell  with  windows. 
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Figure  24.  A  modification  of  configuration  1  to  check  the  effect  of 
window  position  on  the  AT  offset. 


Solving  eq  37  for  Tbg  in  the  new  configuration. 


When  the  results  from  this  equation  are  plotted  beside  those  from  the 
original  equation  for  the  same  conditions,  the  offset  no  longer  occurs 
when  both  windows  are  on  one  side  of  the  cell.  See  figure  25. 

44  Mmo-  and  Ecto-Optics 

Figure  25  shows  that  the  position  of  the  windows  is  important  to 
the  source  temperature.  Generalizing  these  observations,  all  of  the 
optical  elements  between  the  background  source  and  the  gas  source  produce 
an  offset  effect  as  well  as  an  attenuation.  These  will  be  referred  to  as 
the  meso-optics.  Optics  outside  both  sources  produce  attenuation  only. 
These  will  be  referred  to  as  the  ecto-optics.  See  figure  26. 


Delta  T  for  Qaa  T  of  300  degrees 

windows  an 


Ref  Blackbody  T 


Figure  25.  The  difference  between  the  required  background 
temperature  when  the  windows  bound  the  gas  and  when  the  windows 
are  on  the  outside  of  the  gas. 

The  total  transmittance  of  the  meso -optics,  is 

C42) 

where  m  is  the  number  of  optical  elements  between  the  background  source 
and  the  gas.  The  transmittance  of  the  ecto-optics  is 

=  C43) 

where  n  is  the  number  of  exterior  optical  elements. 

Reformulating  eq  37 

Ly  =  r„[(l  -  r,  )Lt  +  rmex f  I*  ]  C44) 
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Figure  26.  Definition  of  meso-  and  ecto-optics. 


The  difference  power  equation  is 

AP = 3  AZ. »  3  f_(T„  -  t.  -  i»>  C«) 


Using  this  equation  we  will  investigate  the  behavior  of  meso  and  ecto- 
optics  in  more  detail.  Figure  27  shows  required  background  source 
temperature  needed  to  maintain  AT,  when  the  gas  temperature  is  300* for  3 
cases:  1)  without  windows,  2)  =-95,  and  =  1  ^  and  3)  =-95,  and  tw  =  1 

As  can  be  seen,  the  required  background  temperature  for  both  no-windows 
and  ecto-windows  nearly  overlaps;  the  meso-optics  case  is  displaced  by  an 
almost  constant  3*. 
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Figure  28  shows  the  required  AT  that  Tfag  must  be  maintained  above 
Tg  to  maintain  an  apparent  AT  -  0  as  a  function  of  meso-optics 
transmittance .  Values  of  transmittance  were  estimated  for  the 
configuration  shown  in  figure  1.  The  background  source  AT  required  to 
maintain  a  specified  AT  to  the  sensor  is  shown  in  figure  29.  The  offset  at 
0*  is  ♦  4.3’. 


Required  BQ  temp  to  maintain  delta  T 


'■  ■  '■  no  windows 


ecto-op*.95 


- - - meso-opa.95 


Figure  27.  The  required  background  source  temperature  to 
maintain  a  specified  AT  for:  1)  no  windows,  2)  meso-optics  » 
.95,  ecto-optics  -  1,  3)  ecto-optics  -  .95,  meso-optics  -  1. 


Summary 

The  various  factors  inherent  in  delivering  a  beam  of  specified 
radiance  to  the  sensor  include:  the  geometrical  factors  needed  to  assure 
that  the  background  source  fills  the  field-of-view,  methods  of  multisensor 
viewing  and  the  effects  of  the  transmittance  of  the  additional  optical 
elements.  Source  optics,  short  range  telescopes,  imaging  optics,  optical 
transmittance  and  element  position  were  analyzed.  Several  optical 
configurations  will  deliver  a  suitable  beam.  The  telescopically  based 
system  delivers  a  spatially  similar  beam  to  what  the  sensor  would  see  in 
the  field.  It  may  be  more  flexible  in  handling  range  effects.  However,  it 
is  more  complex  and  may  require  a  wider  cell.  The  2  lens  system  that 
delivers  an  image  at  the  entrance  aperture  does  deliver  a  beam,  that  is 
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functionally  equivalent  to  a  collimated  beam  at  least  for  single  detector 
spectroradiometers .  Its  apparent  disadvantages  are:  it  would  not  deliver  a 
suitable  beam  determining  spatial  effects  with  multi -detector 
spectroradioometers  and  it  may  be  less  flexible  in  handling  range 
variations.  The  radiance  analysis  showed  that  the  position  of  the  optical 
elements  is  important.  Elements  between  the  background  source  and  the  gas 
cell  (meso-optics)  have  different  effects  from  elements  outside  both 
sources  fecto-optics). 


Figure  28.  The  required  AT  that  Tfcg  must  be  maintained  above  Tg 
to  maintain  an  apparent  AT  -  0  as  a  function  of  meso-optic 
transmittance . 


6.0  Recommendations 

Over  the  years  of  testing  standoff  sensors  with  gas  cells,  there  has 
been  considerable  discussion  about  distortion  of  data  by  cell  windows. 
However  .windowless  gas  cells  are  difficult  to  control.  These  results,  if 
experimentally  verified,  suggest  that  there  is  very  little  penalty  to  a 
one  window  cell,  which  might  be  substantially  easier  to  design  and  build. 
Even  reference  source  temperature  corrections  for  a  2  window  cell  may  be 
considerably  easier  to  implement  than  a  one  window  cell.  These  results 
apply  to  windows  with  reflection  losses  only.  The  analysis  of  absorbing 
elements  was  not  attempted  in  this  investigation. 
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In  past  XM21  tests,  cells  with  windows  were  used.  Typical  reference 
source  temperatures  have  been  +5*C,  but  according  to  recent  workers,  no 
allowances  were  made  for  window  reflection  losses  in  the  data  analysis. 

For  window  losses  as  little  as  5X,  the  actual  AT  would  have  been  1  to  2*C. 

This  effort  has  been  completely  analytical;  experimental 
verification  is  planned  for  the  coming  year. 


Required  background  Delta  T  as  a  function  of 
specified  Delta  T 
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Figure  29.  Required  background  AT  to  compensate  for  losses 
incurred  by  the  optics  shown  in  figure  1. 
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APPENOIX 


XM21  SPECIFICATIONS 


SYSTEM 

SPECIFICATIONS 

PARAMETER 

REQUIRED 

PROJECTED 

NAR6IN 

NESR  (N/cx’-sx-cx*1) 

1-2  x  1(T* 

7-8  x  10-*' 

37S 

<1  s  INTEGRATION  •  1000  cx*‘) 

SPECTRAL  RANGE  (ex'1 ) 

1200-833 

1270-760 

5  -  10X 

(1/3  RESPONSE  POINTS) 

RESOLUTION  (ex*1 ) 

A 

3.5 

12S 

(TRIANGULAR  APOOI2ATION) 

SCAN  TINE  <«) 

0.13 

0.105 

19S 

FIELD- OF-VIEN  (DEGREES) 

1.5  x  1.5 

1-5  x  1-5 

NESR 

MESH  -  /a0  /  •  **  n  k  d;, 

»D  •  DETECTOR  AREA  (ex*  )  -  <0.07  cx)*  *  0.005  cx* 

•  -  THROUGHPUT  (cx*-*»>  -  «/N  (2.5N  cx>*  x  < 1 .5* >* < 0. 0175  x/o)* 

5*5  x  10”’  cx* -*» 

■».  -  EFFIC1EMCY  «  0-26  (OPTICS)  x  0-8  (MODULATION  EFFICIENCY)  -  0 

**  -  RESOLUTION  (ex'*  )  -  A  ex'* 

T  •  INTEGRATION  TINE  <$)  •  1  * 

K  •  APOD  I ZAT ION  NEIGHING  FUNCTION  •  0.87 

D;#  -  PEAK  DETECTIVITY  <ex-/Hz/N)  •  3-5  x  10* *  cx-/Hz/N  •  10  »x 

NESR  -  7.8  x  I0~*  *  N/cx* -sx-cx*1 


A1 
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SPECIFICATIONS 


SIZE:  0*027  in*  x  0*027  in*  *0*002  in* 

-0*000  in* 


SPECIFIC  BETECTIVITY: 

D'O*.  1  xHz.  1  Hz.  60*>  > 

J*5  x  10“  cn-Hz1'*/* 

MHERE  i;  x  0*7  -  01  MEASURED*' 


OPE RAT  INS  NODE:  PHOTOCONDUCT  I VE 

SPECTRAL  RAN6E:  602  RESPONSE  AT  8  m 
502  RESPONSE  AT  12  m 

0PERATIN6  TEMPERATURE:  80  K  NOMINAL 


RESPONSIVITY:  R»f  »  200  V/M 
MHERE  R4wt  x  0*7  ■  RXfc  MEASURED 


RESISTANCE:  10  «  <  Rg  <  60  a 

DENAR  NEAT  LOAD:  0*250  M  MAXIMUM.  MHEN  *  ASSUMES  HINDON  TRANSMITTANCE 
STORED  AND  OPERATED  OF  702 

UNDER  THE  SPECIFIED 
CONDITIONS,  FOR  A 
PERIOD  OF  2  YEARS 


IMA6E  QUALITY: 

SYSTEM  RESPONSE  Al  THE  ED6E  OF  THE  FIELD 


90%  SLIT  WIDTH:  0.17° 

THREE  COLORS:  6,  10,  12  um,  EQUALLY 
WEIGHTED  INCLUOING  DIFFRACTION. 


A2 


APPENDIX 

XM21  SPECIFICATIONS 


XM21  SYSTEM 
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OPTICAL  ELEMENT  TIANSMI T TANCES/REFLECTAiCES 
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